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To feed the world's ever- increasing population, new genetic approaches are required. 
Increasing the number of living spikelets is one promising way to improve grain yield. 
This, in turn, increases the number of spikelets per plant, thereby increasing the total 
yield. We present the first evidence for genetic control of alive spikelets in barley. 
Discovering natural variation as well as genomic regions associated with these traits 
will serve as a benchmark in future breeding for improving grain yield.
Summary 
• The primary goal of most breeding programmes is to increase grain yield. 
However, one of the many methods for raising yield that is yet to be fully in-
vestigated is increasing the number of spikelets by minimising spikelet abortion. 
Spikelet abortion dramatically increases during the late reproductive phase, but 
the molecular and genetic mechanisms remain unknown. Here, we employed 
a phenotyping approach in which developed and undeveloped spikelets were 
detected and counted during spike development and their maximum yield po-
tential (MYP) was investigated.
• We studied 20 agronomic and spikelet- related traits using a set of 184 diverse 
spring barley accessions under field conditions. By employing a set of >125K  
SNPs, GWAS was conducted.
• Our analysis revealed 26 genetic clusters associated with MYP and the num-
ber of developed and undeveloped spikelets. Most of the significant associated 
genomic regions were co- located near the candidate genes of phytohormones 
such as ABA, auxin, and cytokinin suggesting the importance of phytohormones 
in keeping spikelets alive, their development, and MYP.
• Our findings point to a potential link between jasmonic acid and the MYP, de-
velopment and abortion of spikelets. We further provide genetic evidence that 
sugar- related genes and sucrose have the potential to regulate MYP, spike-
let development and spikelet survival. Our findings can be used for marker- 
assisted breeding and as a resource for future molecular and genetic validation. 
Collectively, we propose a new genetic network linking spikelet- related traits to 
grain yield determinants.
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1  |  INTRODUC TION
Barley (Hordeum vulgare L.) is one of the most important cereal crops 
in the world that grows under a wide range of conditions. Barley pro-
duction has increased in the last decades mainly due to the improve-
ment in yield production of new barley cultivars and the deployment of 
new cultivation practices. Nevertheless, further improvements in yield 
production are required to meet the predicted increase in population 
growth and the plant's ability to cope with environmental stress.
The natural form of barley spike architecture has an indetermi-
nate number of rachis nodes, which are the physical positions of 
the basic reproductive unit of grain yield known as the spikelet. The 
number of spikelets at each node is varied and controlled by numer-
ous loci/genes; three single spikelets in SIX- ROWED SPIKE 1 (VRS1), 
or supernumerary spikelets per node, for example VRS2 and VRS4 
(McKim et al., 2018). The first sign of spikelet development appears 
in the form of a double ridge (leaf primordia ridges at the lower po-
sition and spikelet primordia ridges at the upper position) during the 
spikelet initiation phase (Kirby & Appleyard, 1987). Spikelet ridge de-
velopment crosses several biological processes, including the forma-
tion of floral organs (glume, lemma, palea, stamen, pistil and carpel; 
McKim et al., 2018) until it reaches awn primordium (AP). The max-
imum number of spikelet primordia per spike is determined during 
the AP developmental stage, which is described as the maximum 
yield potential (MYP; Alqudah & Schnurbusch, 2014).
The spikelets develop further, and new distinct organs emerge, 
extending the filaments upwards, lengthening the anthers and 
increasing the size of the lodicules. According to Alqudah and 
Schnurbusch (2014), AP to awn tipping (TIP) is the most decisive de-
velopmental phase for keeping spikelets alive and determining final 
grain yield. This phase includes anther developmental stages, which 
consist of the white anther (WA), green anther (GA) and yellow an-
ther (YA) stages (Kirby & Appleyard, 1987). In addition to their impor-
tance in fertilisation, anther developmental stages are also crucial in 
determining the number of alive spikelets (AS) or spikelet survival. 
Principally, the MYP includes undeveloped spikelets (incomplete 
spikelet structure and organs), which are mostly located at the top of 
the spike and are ultimately aborted at maturity. Therefore, counting 
the number of developed and undeveloped spikelets (DS and UDS) 
at the WA or GA stage is crucial to determine how many spikelets are 
alive (survival) and to understand the mechanism of spikelet devel-
opment, its survival (alive) and abortion.
The biological meaning of AS is that it allows the survival of 
developed spikelets with full structure and all spikelet organs, re-
sulting in increased grains. Spikelet abortion, which occurs at a 
specific developmental phase, reduces grain yield. The competi-
tion for assimilates among spikelets, the spikelet positions on the 
spike (basal, central and apical) and within the spikelet (lateral and 
central), and distortion of the vascular tissue and cell structure are a 
few of the factors that contribute to UDS (Alqudah & Schnurbusch, 
2014; Arisnabarreta & Miralles, 2004, 2006; Kernich et al., 1997). 
Spikelet abortion appeared to be higher in six- rowed barley than in 
two- rowed barley. In the former, more number of spikes and awn pri-
mordia are formed resulting in greater competition among spikelets 
(Alqudah & Schnurbusch, 2014; Arisnabarreta & Miralles, 2004; del 
Moral et al., 2002; Miralles et al., 2000).
Alive spikelet is a complex trait influenced by genetic and envi-
ronmental factors. In barley plants, spikelet survival was found to 
be an inherited trait (Alqudah & Schnurbusch, 2014). Environmental 
factors, such as temperature, photoperiod, light intensity, and 
soil characters, are crucial contributors to spikelet alive/survival 
(Alqudah & Schnurbusch, 2014; Arisnabarreta & Miralles, 2006; 
Kernich et al., 1997). Endogenous biological factors, including phy-
tohormones (Marzec & Alqudah, 2018) and metabolites (sugar; 
Ghiglione et al., 2008), are also involved in the regulation of spikelet/
floret development, which is essential for maintaining source– sink 
relationships (Lunn et al., 2014), meiosis or abnormality of sexual or-
gans (Arisnabarreta & Miralles, 2006; Higgins, 2013) and autophagy 
with phytohormone crosstalk (Gou et al., 2019).
An increase in the number of AS and a decrease in spikelet abor-
tion are important for improving yield. However, there is limited 
knowledge on the general factors influencing the number of AS, 
abortion, and the underlying genetic and molecular mechanisms. 
In addition, no genetic research has been conducted to identify the 
underlying genetic or molecular causes of MYP, developed or un-
developed spikelets, and AS or abortion in barley, as well as their 
contribution to the number of grains per spike.
Therefore, the aim of this study is to detect the genetic fac-
tors underlying the number of MYP, DS, UDS and AS. To this end, 
we phenotyped hundreds of spikes at three major developmental 
stages (MYP, GA and TIP) under field conditions. We demonstrate 
that there is ample natural variation in the studied traits, which leads 
to detection of previously unknown genomic regions and candidate 
genes. We propose that abortion candidate genes including phyto-
hormone- and sugar- related genes have the potential to regulate 
MYP, spikelet development and spikelet survival.
2  |  MATERIAL S AND METHODS
2.1  |  Plant materials, SNP genotyping and 
population stratification analyses
The number of EcoSeed spring barley collection obtained from 
a collection of 21,405 accessions stored at the Genebank, IPK- 
Gatersleben, Germany, was 184. This number, as described by Nagel 
K E Y W O R D S
alive spikelet, barley, candidate genes, GWAS, Hordeum vulgare L, maximum yield potential, 
phytohormones, spikelet development, sugar- related genes
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et al. (2019), represents 23 countries and includes 116 two- rowed 
and 68 six- rowed spike accessions, consisting of 105 cultivars, 11 
breeding lines, three hybrid lines and 65 landraces. Accession names 
and details about their origin as well as phenotype information of the 
accessions are provided in Dataset S1.
The single nucleotide polymorphism (SNP) of the EcoSeed col-
lection was discovered by applying the genotyping- by- sequencing 
(GBS) and Illumina 9K marker chip technologies. The SNP chip un-
derwent a quality control and filtration process, applying a minor 
allele frequency of ≥5% (Alqudah, Sallam, et al., 2020). After con-
ducting quality checks, 4809 SNPs markers out of 7791 SNPS and 
122,213 SNPs out of 233,095 SNPs corresponded to EcoSeed col-
lection were finally obtained. A total of 127,022 SNPs (4809 Illumina 
9K + 122,213 GBS) were included in the GWAS analysis as they 
physically anchored to barley physical positions “Morex version 1” 
(Mascher et al., 2017; Milner et al., 2019). To calculate the popu-
lation structure, principal component analysis was used which was 
computed in GAPIT (Lipka et al., 2012). To display the population 
structure, graphics were generated in R version (RStudio- Team, 
2015) using the R package GGPLOT2 (Wickham, 2016). The kinship 
matrix along with three principal components was used to control 
false positives using the mixed linear model method implemented in 
Genome Association and Prediction Integrated Tool, GAPIT (Lipka 
et al., 2012).
The genome- wide pairwise estimates of linkage disequilibrium 
(LD) were calculated as a squared correlation between pairs of poly-
morphic SNPs (r2) for the whole genome using GenStat 18 (VSN 
International, 2016). Finally, LD decay patterns were visualised by 
plotting the LD estimated as r2 versus the distance between pairs of 
polymorphic SNPs (Mbp).
2.2  |  Novel phenotyping of MYP and AS- 
related traits
The collection was grown under field conditions at the IPK, Germany 
campus during the spring 2018 growing season. Two hundred seeds 
of each accession were planted on 1 April 2018 directly into clay 
loam soil and were grown in a randomised block design, with three 
1 m2 plots of each accession spaced by two rows within each plot. 
Standard local agronomic practices were applied to the field plots. 
In total, six to nine main spikes of each accession (two to three from 
each plot) were randomly selected from the middle of the plots for 
phenotyping. These were dissected manually starting from the stem 
elongation stage (Alqudah & Schnurbusch, 2014) to measure and 
count the MYP, DS and UDS at GA and TIP developmental stages 
using portable USB Digital Microscope Magnification (Banik et al., 
2020; Rather et al., 2019). Each genotype was dissected three to 
four times between the stem elongation stage and the heading stage 
(HD) to define MYP, GA and TIP developmental stages precisely. 
MYP is the total number of spikelets per spike, including DS and 
UDS as shown in Figure 1. The developmental signs of the GA and 
TIP stages were defined according to previous research (Alqudah 
& Schnurbusch, 2014; Kirby & Appleyard, 1987; Waddington et al., 
1983). Phenotyping of MYP, AS, DS, UDS, GDD, spike length and 
density traits was measured as described in Table 1. The growing 
degree- days (GDD) for each developmental stage were collected 
when most of the plants in three plots of each accession reached 
a particular stage (Alqudah et al., 2014). The number of developed 
spikelets at HD and the number of grains per spike at harvest stages 
(Hrv) were counted (Figure 1). Spike length and density (the ratio 
between the developed spikelet or grain to spike length) were cal-
culated. In addition, 15 main spikes per accession from each plot 
were randomly selected to determine grain number per spike (GPS). 
The AS percentage among the stages was calculated according to 
Alqudah and Schnurbusch (2014). For example, AS% of developed 
spikelets at the GA and Hrv (AS_Hrv_GA) is the ratio between them 
multiplied by 100.
2.3  |  Phenotypic data analysis and 
heritability estimation
Significant differences among accessions were determined using 
analysis of variance at p ≤ .05 in Genstat v18 (VSN International, 
2016). The Student's t test was used to compare trait differences at-
tributed to row types (i.e. two- rowed vs. six- rowed), biological status 
(i.e. cultivars, breeding lines and landraces) and among geographical 
origin. Trait relationship was calculated using Pearson correlation 
analysis applying the corrplot function in R package corrplot (Wei 
& Simko, 2017). Residual maximum likelihood in mixed linear models 
was used to analyse the phenotypic data, and the best linear un-
biased estimates (BLUEs) were used to determine the phenotypic 
F I G U R E  1  Phenotypic variation in spikelet abortion among 
barley accessions at spike heading (HD) developmental stage and 
harvest (Hrv). Spikelet abortion is indicated by the red line
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means of each trait for each accession using the lme4 package (Bates 
et al., 2015) as described in Alqudah, Sallam, et al. (2020). Finally, 
broad- sense heritability (H2) for each trait was calculated as a ratio 
of the genetic variance and the phenotypic variance that includes 
the error variance.
where σ2G is the variance of genotypes (accessions), σ2e is the variance 
of error, B is the number of blocks and r is the number of replicates.
2.4  |  Genome- wide models and assessments of 
statistical significance
GWAS analysis was performed using the GAPIT R package (Lipka 
et al., 2012) as described above using the mixed linear model method, 
which evaluated the 127,022 SNPs and BLUE values of studied traits 
of the accessions. Mixed linear model was used for GWAS analysis as 
a powerful model for association detection and controlling the pop-
ulation structure (Alqudah, Sallam, et al., 2020). More details about 
the mixed linear model can be found in Lipka et al. (2012).
False discovery rate (FDR) was calculated for each trait sep-
arately, and the association signals that passed the threshold of 
FDR at 0.001 (- log10 p- values ≥FDR) were used for further analyses 
(Alqudah, Sallam, et al., 2020). For each measured trait, Manhattan 
plots were generated to visualise the marker– trait associations 
across the seven barley chromosomes using the R package ShinyAIM 
(Hussain et al., 2018).
2.5  |  Genotype– phenotype network
SNP interactions across the traits were calculated using the Network- 
Based Genome- Wide Association Studies (NETGWAS) R package 
(Behrouzi et al., 2017). SNPs passing the FDR (threshold at 0.001) 
were used in this analysis. The complex genotype– phenotype net-
work analysis evaluates the genetic data of multi- SNPs with multi- 
phenotypic traits, and the interaction between them; this helps to 
better understand the genetic basis of such complex traits. Intra- 
and inter- chromosomal interactions were also analysed using the 
NETGWAS R package (Behrouzi et al., 2017). The most significant 
SNPs (key SNPs) directly connected with the studied traits (key traits) 
were used in locating candidate genes. The corresponding positions of 
these SNPs along with traits were finally plotted using Synthesis- View 
as a data visualisation application (http://visua lizat ion.ritch ielab.org/).
2.6  |  Candidate gene detection and validation
Key SNPs were used to define the closest candidate gene within the 
LD interval based on their physical position using barley database 
BARLEX (Colmsee et al., 2015) that hosts barley genome assembly. 
BARLEX is a web- based platform that contains gene annotations, 
gene ontology (GO), and description of barley gene space and gene 
annotations (https://apex.ipk- gater sleben.de/apex/f?p=284:10::::::). 
Only high confidence candidate genes with associated key SNPs 
within the physical length of LD were used for further evaluation 
(Alqudah, Sallam, et al., 2020). Furthermore, gene expression profile 
for high confidence candidate genes was measured in FPKM (frag-











TA B L E  1  Name and description of measured traits in spring barley
Name Description of trait measurement
Alive spikelet The developed spikelet with full structure and all spikelet organs which can survive
Percentage of alive spikelets between 
stage X and Y
AS% of developed spikelets/grains at the Y and X stages as the ratio between 
them multiplied by 100, where X is a specific stage and Y is stage prior to 
X:AS − Hrv − GA = DS(Hrv)∕DS(GA) × 100%
Number of developed spikelets The number of spikelets with full structure and all spikelet organs
Percentage of developed spikelets The number of developed spikelets at stage X divided by the total number of spikelets at the same 
stage multiplied by 100
Green anther The second stage of anther development when the anther changes to green
Growing degree- days The accumulated thermal time (°C.day−1) to reach specific development stage
Broad- sense heritability The ratio of genetic variance and phenotypic variance (H2)
Maximum yield potential The total number of spikelets per spike, including developed and undeveloped spikelet
Spike density The ratio between the developed spikelet or grain and spike length (grain per cm)
Spike length The length of spike from base of spike till tip without awn (cm)
Awn tipping The first awns visible from leaf
Number of undeveloped spikelets The number of incomplete spikelets with missing structures or organs and mostly at the tip of the 
spike
Percentage of undeveloped spikelets The number of undeveloped spikelets at stage X divided by the total number of spikelets at the same 
stage multiplied by 100
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RNA- seq expression database for spikelets and grain organs, in ad-
dition to spike- related traits at different developmental stages in the 
barley cultivar Morex (Mascher et al., 2017). In the current study, 
we only considered the gene expression in INF2: Inflorescence (1– 
1.5 cm), CAR5, 15: caryopses at 5 and 15 DPA (days post- anthesis), 
LEM: Lemma (6 weeks PA [post- anthesis]), LOD: Lodicule (6 weeks 
PA), PAL: Palea (6 weeks PA), EPI: Epidermis (4 weeks), RAC: Rachis 
(5 weeks PA). More details on the RNA expression data analysis are 
available elsewhere (Mascher et al., 2017; Rapazote- Flores et al., 
2019).
3  |  RESULTS
3.1  |  SNP genotyping and population stratification
A total number of 127,022 SNPs were used for the analysis after 
filtering and quality control check (Figure S1a). The number of SNPs 
dramatically increased (25X) when we combined the SNP informa-
tion from the 9K chip and GBS in the present study compared to 
around 4800 SNP markers published earlier from these accessions 
(Alqudah et al., 2014; Nagel et al., 2019). The population structure 
analysis using 127,022 SNPs (principal component analysis) shows 
more distinct groupings among the barley accessions. It demon-
strates that when a high number of sequenced- based markers are 
employed, the grouping becomes clearer compared to chip- based 
9K SNPs. It is not surprising given that 9K SNPs suffer from ascer-
tainment bias, particularly when revealing diversity across Ethiopian 
barleys (Figure S1b– d). Using 127,000 SNPs, the average genome- 
wide LD decay at r2 = 0.15 is approximately 2.5 Mbp (Figure S2). 
Thus, we expect to discover most of the quantitative trait loci (QTLs) 
in the present study with a reasonable distance from the candidate 
genes.
3.2  |  Extensive natural variation in MYP and AS%- 
related traits
A wide variation among the measured traits was observed (Figure 
S3). Further analysis of the phenotypic variation showed significant 
(p < .05) variation among the accessions when classified into row 
type, biostatus and origins (Dataset S1).
A wide range of variation was detected in MYP, DS% and UDS% 
at the GA and TIP stages among the accessions (Figure 2a). Six- rowed 
accessions developed significantly higher MYP than two- rowed ac-
cessions, which leads to a higher UDS% in the former, whereas the 
latter have a higher DS% in both stages (Figure 2b). This trend is seen 
in the biostatus of the accessions where landraces exhibit highly sig-
nificant natural variation in MYP and an increase in UDS% instead of 
DS% compared with other groups (Figure 2c). The accessions from 
Africa and America had significantly higher MYP, but the acces-
sions from Africa had more UDS% at the GA and TIP stages, while 
accessions from Middle and Western Europe produced significantly 
more DS%, especially at the TIP stage (Figure 2d).
Highly significant differences (p < .0001) in AS% were found among 
the accessions at all developmental stages (Figure 3a). Approximately 
75% of spikelets at MYP were alive at the GA stage (~25% aborted) 
and this number reduced to ~65% at the TIP stage (~35% abortion 
from MYP), indicating that the duration between MYP and GA is the 
most critical phase for AS in barley (Figure 3a). About 50% reduction 
in AS% between Hrv_MYP indicates that ~15%– 20% of spikelets were 
aborted after the TIP stage (Figure 3a). Two- rowed accessions have 
significantly higher AS% at all developmental stages than six- rowed 
accessions, except between Hrv_TIP stages (Figure 3b). The biostatus 
and origin of the accessions confirm that the landrace group shows the 
lowest AS%, whereas breeding and hybrid lines show the highest AS% 
during the critical phase (Figure 3c,d).
Analysis of thermal time as GDD for phase transition shows sig-
nificant differences (p < .0001) among the accessions (Figure S4a). 
From sowing, the required thermal time to reach each develop-
mental stage is significantly shorter in six- rowed accessions (Figure 
S4b). There are no significant variation for GDD between accessions 
based on their biostatus in the MYP stage, whereas accessions that 
are categorised as cultivars have a longer phase transition to the TIP 
stages (Figure S4c). Clear significant differences among the acces-
sions from different origins in GDD were detected especially at TIP. 
The accessions from Middle, Northern and Western Europe have a 
significantly longer phase transition, whereas those from America, 
Asia and Eastern Europe have a significantly shorter phase transition 
(Figure S4d).
For the spike architecture traits, there is a clear significant dif-
ference (p < .001) in all measured traits. The spike length at the TIP 
stage and awn length at Hrv stage are shorter in the breeding lines, 
whereas the final spike length at the Hrv stage is shorter in the land-
races and hybrids (Figure S5a). The shortest spike at the TIP stage ap-
peared in the accessions from Africa, whereas American accessions 
have the shortest spike and awn lengths compared to other regions 
(Figure S5b). Two- rowed accessions have significantly (p < .001) lon-
ger spikes than six- rowed accessions (Figure S5c). There are no clear 
results for spike density at the TIP stage, although six- rowed landra-
ces from Africa carry a denser spike (Figure S5d– f).
During the field trial of 2018 weather conditions were dry and 
probably mimicked the drought conditions of Europe. Weather data 
show that between April and August, when plants exhibited vigorous 
growth and development, dry and high temperature and low amount 
of precipitation were observed (Figure S6). The average tempera-
ture and precipitation during April and May 2018 were 14 ± 2.8 and 
17 ± 4.1°C and 30 ± 3.1 and 20 ± 0.8 mm respectively. According 
to the weather data at IPK and Deutschlandwetter, the dry condi-
tion during the 2018 growing season made it an exceptional sea-
son when compared with previous decades (https://www.ipk- gater 
sleben.de/en/datab ases/weath er- data/) with the lowest rainfall 
since 1881 (https://www.dwd.de/DE/press e/press emitt eilun gen/
DE/2018/20181 228_deuts chlan dwett er_jahr2 018_news.html).
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3.3  |  Correlation, clustering and heritability of 
phenotypic traits
In general, four major clusters are visualised according to the cor-
relation among traits (Figure 4a). The first cluster includes three 
traits, MYP with UDS at the GA and TIP stages, with a strong 
correlation between UDS at both stages, which are moderately 
positively correlated with MYP (Figure 4a). The second cluster 
consists of DS% and AS% at the MYP, GA and TIP stages. A high 
correlation between DS% at the GA and TIP stages was detected, 
which reflects the high correlation between AS%_MYP at the 
GA and TIP stages (Figure 4a). Particularly, MYP (cluster 1) has a 
F I G U R E  2  Phenotypic variation in MYP, DS% and UDS% at GA and TIP stages between (a) all accessions, (b) row type, (c) biostatus and 
(d) origin. MYP: maximum yield potential, DS%: number of developed spikelets, UDS%: number of undeveloped spikelets, GA: green anther, 
TIP: awn tipping, AF: Africa, AM: America, ASI: Asia, EU_: Europe (E: Eastern, M: Middle, N: Northern, W: Western). The asterisk denotes 
significant difference at p ≤ .05 according to the t test among the accessions of each group at the same developmental stage. The degree of 
significance is indicated as *p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001. ns, not significant
(a) (b)
(c) (d)
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moderately negative correlation (~−0.40) with all the traits in clus-
ter 2 (Figure 4a). The correlation among the developmental stage 
transition (MYP, GA and TIP) by GDD had a moderate negative cor-
relation (~−0.30) with MYP and no clear correlation with AS% at 
the GA or TIP stages (Figure 4a). However, stage transition had a 
moderate positive correlation (0.20– 0.30) with AS% between Hrv 
and the MYP, GA or TIP stages (cluster 4). In addition, there was 
a moderate negative correlation (−0.25, −0.40) between MYP and 
stage transition (Figure 4a).
Separately, in the two- and six- rowed accessions, the same trend 
of clusters was detected. MYP clustered with stage transition in 
two- rowed accessions (Figure 4b), whereas the cluster is with the 
DS% and AS% groups at the MYP, GA and TIP stages in six- rowed ac-
cessions (Figure 4c). MYP had a moderate positive correlation with 
F I G U R E  3  Phenotypic variation in AS% among the developmental stages between (a) all accessions, (b) row type, (c) biostatus and (d) 
origin. AS%: alive spikelet percentage, MYP: maximum yield potential, GA: green anther, TIP: awn tipping, Hrv: Harvest, AF: Africa, AM: 
America, ASI: Asia, EU_: Europe (E: Eastern, M: Middle, N: Northern, W: Western). The asterisk denotes significant difference at p ≤ .05 
according to the t test among the accessions of each group at the same developmental stage. The degree of significance is indicated as *p, 
0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001. ns, not significant
(a) (b)
(c) (d)
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stage transition (especially GA and TIP) in two- rowed accessions; in 
contrast, a negative correlation was found in six- rowed accessions. 
In six- rowed accessions, AS%_Hrv_MYP negatively correlated with 
MYP and UDS% at the GA and TIP stages but positively correlated 
with DS% at these stages (Figure 4c) compared with two- rowed ac-
cessions (Figure 4b). DS% at the GA and TIP stages, and AS% were 
positively correlated with spike length and density at the TIP stage, 
final spike, and awn length in addition to GPS (Figure 4a– c). These 
correlations are much stronger in six- rowed accessions.
Broad- sense heritability values (H2) ranging from 0.55 to 0.93 
are obtained for the studied traits. High heritability for MYP is 
also found when expressed in thermal time (GDD) with H2 ≥ 0.93 
(Figure 4d). The DS% and UDS% at the GA and TIP stages reduced 
the moderate H2 values ranging from 0.66 to 0.71 (Figure 4d). AS% 
among early stages, for example AS%_GA_MYP, exhibited high H2 
values (0.79– 0.84), whereas the moderate H2 reflected the propor-
tion of environmental effects on the AS% at Hrv with early- stage, 
for example AS%_Hrv_MYP ranging from 0.55 to 0.61. Other 
F I G U R E  4  Heat map representing the cluster of the Pearson correlation coefficient between each pair of 20 traits in (a) all collections, 
(b) two- rowed accessions and (c) six- rowed accessions. The strength of the Pearson's correlation coefficients is represented with the 
blue- white- red colour scheme. (d) Broad- sense heritabilities (H2) for the traits in the whole collection
(a) (d)
(b) (c)
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agronomic traits, such as grain yield, had moderate heritability val-
ues (0.63, 0.72; Figure 4d).
3.4  |  Investigating relationship of MYP and AS%- 
related traits using networks
In total, 574 SNP marker– trait association combinations over the 
whole genome were identified in GWAS that passed the FDR test 
(- log10 (p) of SNP ≥ FDR at 0.001; Dataset S2; Figure S7). These 
were subsequently investigated in the network analysis (Dataset 
S2). Significant SNPs are fall into genetic clusters on each chro-
mosome based on their physical positions, using a defined LD 
interval of LD ± 1.25 Mbp. Network analysis provided a visual 
summary of the relationships that allowed the identification of 
associated genetic clusters with multiple phenotypes (Figure 5). 
In total, 299 SNPs (~52%) made 50 genetic clusters that show 
a significant network with multiple traits (>2 traits), suggesting 
linkage or pleiotropic effects (Dataset S3). Chromosome 2H has 
the largest number of clusters (14_C, 28%), followed by chromo-
some 1H with 12 clusters (24%; Dataset S3). C_2 on chromo-
some 5H has the highest number of associated SNPs (21 SNPs), 
followed by C_2 and C_5 on chromosome 1H with 15 SNPs each 
(Dataset S3).
There are 26 genetic clusters in the whole genome con-
nected with MYP, DS% and UDS% at the GA and TIP develop-
mental stages, of which 11 clusters belong to chromosome 1H 
(Figure 5). Six genetic clusters controlling DS% and UDS% at the 
GA and TIP stages on 1H are also connected with AS_GA_MYP% 
(Figure 5). SNPs within cluster number 5 on 1H (SNPs: m_10811 
and m_10812 at 666,503,44 and 666,733,71 respectively) show 
contrasting effects (~−4% to ~+4%) on AS_GA_MYP that can be 
explained by allelic variation in this genomic region (Figure 6; 
Dataset S3).
Furthermore, clusters C_11 (AS_TIP_MYP%) and C_14 (MYP) 
connects with DS% and UDS% during the GA and TIP phases, re-
spectively. This region is located on chromsome 2H (Figure 5; 
Dataset S3). Allelic variation at SNPs within cluster number 14 on 
2H had contrasting effects on MYP (~−10 to ~+10 spikelet) with phe-
notypic variation explained by the marker being ~5.5% (Figure 6).
These clusters are also connected with three genetic clusters 
(C_13 2H, C_3 and C_4 7H), which connects to numerous clusters 
controlling MYP (Figure 5; Dataset S3). The genetic clusters have 
inter- and intra- specific interactions with each other, of which C_3 
2H, C_1 4H and C_3 7H directly connect with MYP_GDD. Also, 
GDD at the MYP and GA stages share genetic clusters from 2H, 
while GDD at the GA and TIP stages have other genetic clusters 
from 3H, 5H and 7H (Figure 5; Dataset S3). Genetic cluster C_1 
5H had a genetic connection with DS% and UDS% at the GA and 
TIP stages in addition to GA_GDD and AS_TIP_MYP. The same ge-
netic cluster is also connected with spike architecture traits (spike 
length and density) at the TIP and Hrv stages through a network 
connection with other genetic clusters in 3H, 4H, 6H and 7H 
(Figure 5; Dataset S3). Finally, the most important genetic cluster 
in the network is C_1 on 7H that controls DS% and UDS% at the 
GA, TIP and MYP stages, that also shared with AS_GA_MYP% and 
AS_TIP_MYP%, indicating the importance of this major genetic re-
gion in barley yield improvement.
F I G U R E  5  Genotype– phenotype network analysis for defining the key genetic cluster of markers associated with the studied traits
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3.5  |  Candidate genes for MYP and AS%- 
related traits
On all chromosomes, 296 candidate genes were found to be po-
tentially associated with MYP and AS%- related traits within the 
±1.25 Mbp interval (Dataset S4). The list includes 48 candidate 
genes that might be involved in spikelet development and abortion 
(Table 2; Dataset S4). For example, the list includes many gene anno-
tations as 6- phosphogluconate dehydrogenase, decarboxylating 1, 
ATP- dependent, APETALA2 (AP2), sucrose and cellulose synthase, 
fatty acid, glycerol- 3- phosphate acyltransferase 8 (GPAT), phyto-
hormones (such as abscisic acid [ABA], auxin, gibberellin and ethyl-
ene), cytochrome P450, DNA- binding one zinc finger, heavy metal 
transport, leucine- rich repeat receptor- like protein kinase and NAC 
domain proteins (Table 2; Dataset S5).
Strikingly, 7H (7,906,852– 9,914,430 bp) is an important genetic 
region that includes numerous interesting putative candidate genes 
that potentially control spikelet development, MYP and spikelet 
abortion (Table 2; Figure 5). These genes are involved in phospho-
gluconate dehydrogenase, sucrose synthase, GPAT, lipoxygenase 
2, GDSL esterase/lipase, and ozone- responsive stress- related pro-
tein (Table 2; Figure 5), which are essential for plant developmental 
mechanisms such as shoot apical meristem.
The SNP associated with 2H is from the PHOTOPERIOD 
RESPONSE LOCUS1 (Ppd- H1) gene (29,127,021 bp) that shows the 
highest phenotypic variance (~9.1%) and associated with the MYP 
and showing a negative effect by reducing spikelets (~−10) (Dataset 
S3). Early flowering in the accessions means longer time for spikelet 
abortion and thus finding the association at this region is not surpris-
ing. In addition, the region close to the major row type SIX- ROWED 
SPIKE 1 (VRS1) gene (2H, 646,237,676 bp) was found to be associ-
ated with MYP, accounting for ~7.3% of the variation and reducing 
~20 spikelets (Dataset S3). As evident from the correlations of the 
traits, six- rowed barleys have higher spikelet- bearing potential but 
several spikelets were aborted due to competition for nutrients 
among the spikelets.
F I G U R E  6  Physical map of significant markers associated with spikelet number and its survival- related traits. (a) The physical position 
of associated markers, (b) the name of markers and associated traits, (c) plot of minus log10 (p- value) of associated markers, (d) phenotypic 
variance explained by marker (%), (e) marker effect on spikelet number and its survival traits (+/−), (f) linkage disequilibrium (LD) among the 
significant markers presented as R2
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3.6  |  Expression analysis of candidate genes
Candidate genes in different barley spike and grain organs at dif-
ferent developmental stages show a wide range of gene expression 
(Dataset S5; Figure S8). Although several potential candidate genes 
exist, three genes (14- 3- 3- like protein GF14- E, 6- phosphogluconate 
dehydrogenase, decarboxylating 1 and ozone- responsive stress- 
related protein) and their annotations (HORVU3Hr1G010530.2, 
HORVU7Hr1G006160.4 and HORVU7Hr1G007610.1) discovered on 
chromosome 3H and 7H, respectively, displayed the highest ex-
pression in INF2, which is around the stage of awn primordia (MYP). 
These genes are also highly expressed in other grain and spike organs, 
for example, CAR 5, 15 DPA, LEM, LOD, PAL, EPI and RAC. These 
stages of expression levels demonstrate that the genes play impor-
tant biological roles in spike and spikelet development as well as in 
other important organs involved in grain and spikelet traits (Dataset 
S5; Figure S8). Another interesting gene discovered was alanine 
aminotransferase 2 on chromosome 1H HORVU1Hr1G018540.17 
that is highly expressed in grain and spikelet organs but not in INF2. 
Notably, HORVU7Hr1G007220.1 is the most highly expressed gene 
across the organs, especially in specific ones like LEM, PAL and RAC 
(Dataset S5; Figure S8).
4  |  DISCUSSION
In this study, we discovered the natural variation of MYP by dis-
secting the traits that contribute to spikelet survival in barley 
(Figure 1). Due to the labour- intensive measurements of these 
traits, particularly under field conditions, genetic studies related 
to these traits are difficult. In the light of the prevalent con-
straints of measuring these traits, we performed this study under 
large field plots and under replication. We show that these traits 
have a direct effect on spikelet number maintenance and, as a re-
sult, yield. We propose a novel phenotyping strategy for accurate 
measurement of MYP, DS, UDS, and AS- related traits (Figure 1), 
which result in robust and reliable identification of QTLs in GWAS 
analysis. An increase in the total number of spikelets was pro-
posed previously as a key factor for yield improvements (Alqudah 
& Schnurbusch, 2014); however, dissecting and separating the DS 
and UDS from the total spikelets maximises the ability to detect 
genetic regions of studied traits. Therefore, the present study 
demonstrates that nested phenotypes can be further dissected 
and undetected genomic regions can be discovered. In our study, 
six- rowed accessions, which are mostly landraces from Africa 
and America, produced more spikelets at MYP and thus reduced 
DS% compared with two- rowed accessions, which are predomi-
nantly European cultivars. Low AS% in six- rowed accessions can 
be attributed to high competition among spikelets at the MYP 
stage, combined with a faster phase transition (GA and TIP) com-
pared to European accessions (Alqudah & Schnurbusch, 2014; 
Arisnabarreta & Miralles, 2004; del Moral et al., 2002; Miralles 
et al., 2000). The results demonstrate that the MYP stage can be 
measured between AP and WA, which is genotype dependent, 
and its response to environmental cues.
Ppd- H1 (PSEUDO- RESPONSE REGULATOR 7, PRR7) contributes 
to early heading/flowering under the long day European growing 
season, suggesting that the reduction in AS% could be influenced 
by the natural variation in the Ppd- H1 gene. The Ppd- H1 sensitive 
allele originated mostly from African and American accessions in 
our study. We do not expect wide differences in European barley 
accessions as they mostly harbour the photoperiod insensitive late 
heading allele (ppd- H1). This is not surprising as evident in recently 
surveyed sequences of a large barley collection in this gene (Sharma 
et al., 2020).
A huge peak near the Vrs1 gene highlights the major differences 
in spikelet arrangement at rachis nodes despite controlling for pop-
ulation structure. These results demonstrate that row- type genes 
indeed have a huge influence on MYP and related traits. Whether 
these differences are directly due to major morphological changes 
in spike arrangements or whether there are independent genetic 
players influencing the traits is under investigation. These results 
also highlight the limitation of six- rowed landraces in bearing more 
spikelets than their MYP. Of note is that the genetic map position of 
another row- type gene labile (Youssef et al., 2020) has recently been 
corrected, which also overlapped in the region of the peak men-
tioned above on chromosome 2H. Interestingly the labile barleys are 
Ethiopian in origin.
The phase transition between GA and TIP is critical as this is 
the time which determines the AS%. In this study, most of the two- 
rowed accessions (~70% of two- rowed VRS1) carried the less sensi-
tive allele of Ppd- H1, which are late heading/flowering and bear high 
spikelet numbers, but several of them aborted before maturity. This 
suggests that delayed transition (GA and TIP) is not always effective 
in improving final grain yield because it also likely increases UDS de-
spite an increase in total spikelets. Therefore, achieving a balance in 
transition time between developmental stages is very crucial in in-
creasing yield by improving the number of DS while retaining a large 
number of spikelets that have already formed. Heritability analysis 
demonstrated that MYP, DS% and UDS% at the GA and TIP stages 
are largely controlled by genetic factors and less influenced by the 
environment as reflected in their high heritability values. As phase 
transition and spikelet development are directly influenced by envi-
ronmental factors like temperature, photoperiod and stress (Alqudah 
& Schnurbusch, 2014; Arisnabarreta & Miralles, 2006; Kernich et al., 
1997), high temperature with low precipitation amounts could be 
the main environmental factor for increasing UDS% and the abor-
tion rate in our study.
In this research, we observed a considerable number of ge-
netic clusters (QTLs) that are important for improving MYP, DS and 
AS%. For example, on chromosome 1H, six genetic clusters con-
trolling DS% and UDS% at the GA and TIP stages were shared with 
AS_GA_MYP%, suggesting that improving DS% during the critical 
phase (MYP_GA) can increase AS% and thus improve grain yield. 
Notably, the genetic cluster C_1 at 5H shows the genetic connec-
tion among AS% at TIP and GA stages, AS% TIP_MYP with phase 
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transition (GA_GDD) and spike length, demonstrating the impor-
tance of this cluster in controlling multiple traits. It also highlights 
the role of phase transition in keeping the spikelet alive. The genetic 
cluster C_1 on 7H controls DS% and UDS% at the GA and TIP stages; 
MYP is connected with AS_GA_MYP% and AS_TIP_MYP%, indicat-
ing the importance of this genetic region in grain yield improvement. 
Network analysis showed the degree of complexity of the studied 
traits; for example C_11 and C_14 on 2H are connected with MYP, 
DS% and UDS% at the GA and TIP stages, and AS_TIP_MYP% is 
linked with C_13 on 2H, and C_3 and C_4 on 7H, which have inter- 
and intra- connection with many other clusters controlling MYP and 
phase transition. Such traits cannot be detected without partition-
ing the total number of spikelets into DS and UDS, besides using 
a high- density SNP number and post- genome- wide state- of- the- art 
analysis (e.g. networking).
Using networking and a GWAS approach, we have identified 
hundreds of putative candidate genes, of which 48 are potentially 
involved in spikelet development and abortion. Based on the asso-
ciated candidate genes, we have highlighted the major candidate 
genes and the underlying pathways in Figure 7 and Table 2. The 
association signals in several cases either come from the candidate 
genes or quite near the candidate genes involved in phytohormones 
such as ABA on chromosome 5H, auxin- responsive protein IAA4 
on chromosome 1H and cytokinin on chromosome 4H. ABA is sug-
gested to be a crucial determinant of spikelet development and key 
player in spikelet abortion (Marzec & Alqudah, 2018). Furthermore, 
high ABA concentrations at the tip of the spike also led to higher 


























































































































































































































































































































































































































































































































































































































































































































F I G U R E  7  Proposed model of the regulation of spikelet 
development and abortion. Green box and arrow indicate the 
promotion of spikelet development and survival. Red box and arrow 
indicate the promotion of spikelet abortion. Ambiguous regulation 
is indicated by a question mark
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Cai et al. (2014) reported a critical role of jasmonic acid (JA) in 
regulating the determinacy of rice floral meristem and spikelet mor-
phogenesis (Extra Glume 1 [EG1] and EG2). However, we did not de-
tect any candidate genes for JA, brassinosteroids and strigolactones 
near the associated regions, which could be attributed to either rare 
allele segregation of these genes in our study or the developmental 
differences in these species.
The associated genomic region at 5H for DS, UDS, spike length 
and developmental stages measured in GDD coincides with cellulose 
synthase gene HvCslF7 that regulates polysaccharides and β- glucan 
synthases. The spatiotemporal role of HvCsl genes in controlling grain 
development and how polysaccharides are used by the plant during 
spikelet and spike development remain unknown. In this study, two 
genes encoding sucrose synthase (SuSy), which is an essential glyco-
syltransferase enzyme for sugar metabolism, were detected on chro-
mosome 7H. SuSy is a member of the glycosyltransferase- 4 subfamily 
that includes trehalose synthase and trehalose phosphorylase (Granot 
& Stein, 2019). SuSy plays a crucial role in the shoot apical meristem 
and in leaf development in transgenic tomato by altering the expres-
sion of auxin- related genes (Goren et al., 2017). Plants overexpressing 
SuSy have shown vigorous growth by modulating the meristem.
Chromosome 5H genomic region harbors NAC transcription factor 
gene, which is considered to be one of the largest plant transcription 
factor families regulate a wide range of different developmental pro-
cesses (Nadolska- Orczyk et al., 2017). NAC showed strong expression 
in the developing caryopsis and grain filling stages by modulating pro-
grammed cell death in the endosperm during grain maturation (van 
Doorn & Woltering, 2005). NAC has also been associated with spike-
let/floret sterility in modern wheat cultivars (Alqudah, Haile, et al., 
2020) suggesting its potential biological function in controlling spike-
let development. Finally, chromosome 2H peaks reside near the gene 
encoding APETALA2 (AP2), which is known to modify spike density by 
controlling internode length along the axis of barley spike (Houston 
et al., 2013). Recent studies revealed that HvAP2 acts in the peduncle 
internode by modulating the JA pathway. It suppresses internode cell 
proliferation and expansion, which are thought to be involved in spike-
let abortion (Patil et al., 2019).
This study provided valuable insights into the importance of spike-
let development, abortion and grain yield. The results showed that 
the MYP stage is genotype dependent, in addition to its response 
to environmental conditions. MYP determined grain number in two- 
rowed barley while spikelet abortion was the key player in final grain 
number in six- rowed barley. Novel genomic regions were found in the 
study, for example, on chromosome 7H harbouring essential candi-
date genes for sugar metabolism. We conclude that the presence of 
sucrose- related genes is crucial for spikelet development and survival 
at the tip of the spike, which is where most of the spikelet abortions 
occurred. In addition, peaks near the genes related to phytohormone 
genes, for example auxin, ABA, cytokinin and JA, were observed. The 
peaks signify the involvement of plant hormones in spikelet abortion 
and development. Finally, the present study provides new routes to 
improve grain yield as we showed that genetic dissection of spikelet 
development identifies both novel and known genes.
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